Most defective and unwanted cells die by apoptosis, an exquisitely controlled genetic programme for removing such cells without damaging the surrounding tissue. Once a cell has committed to apoptosis, the process is remarkably efficient, and is completed within a few minutes of initiation. This point of no return for an apoptotic cell is commonly held to be the point at which the outer mitochondrial membrane is permeabilised, a process regulated by the Bcl-2 family of proteins. How these proteins regulate this decision point is central to diseases such as cancer where apoptotic control is lost. In this review, we will discuss apoptotic signalling and how a cell makes the irreversible decision to die. We will focus on one set of survival signals, those derived by cell adhesion to the extracellular matrix (ECM), and use these to highlight the complexities of apoptotic signalling. In particular, we will illustrate how multiple signalling pathways converge to determine critical cell fate decisions.
Apoptosis, mitochondria and the Bcl-2 family
Apoptosis in most cells is dependent on permeabilisation of the outer mitochondrial membrane (OMM) [1] . The intermembrane space of the mitochondria sequesters a number of proteins (e.g. cytochrome c and Smac/Diablo) that, when released into the cytosol, activate caspases, the proteases that drive cellular execution [2] . Mitochondrial membrane permeabilisation (MMP) is controlled by proapoptotic and anti-apoptotic members of the Bcl-2 family [3] . These proteins are defined according to a number of shared Bcl-2 homology (BH) domains. Pro-survival proteins such as Bcl-2, Bcl-X L , Mcl-1 and Bcl-w share four regions of sequence homology (BH1-4). The pro-apoptotic proteins Bax, Bak and Bok share BH-domains 1-3. A further pro-apoptotic subgroup, the BH3-only proteins, has one BH-domain [4] . Overexpression of anti-apoptotic members of the Bcl-2 family blocks MMP, whereas overexpression of pro-apoptotic ones can induce or sensitise cells to apoptosis.
Bcl-2 proteins reside directly upstream of MMP in the apoptotic programme ( Figure 1 ). Although Bok, which has a very limited tissue distribution [5] , probably has the same function, in most cells Bax and Bak are absolutely required for MMP [6] . Mice with a genetic deletion of either Bax or Bak are largely normal, and most cell types isolated from them are still able to undergo apoptosis in response to a wide range of stimuli. However, deletion of both Bax and Bak results in gross developmental abnormalities [7] . Furthermore, cells lacking both of these pro-apoptotic Bcl-2 family members will not undergo apoptotic cell death following the removal of survival factors [6] . Bax and Bak probably directly form the pores in the OMM, although how they do this is still a matter of considerable controversy. Recombinant Bax can form channels in synthetic lipid bilayers and in isolated mitochondria [8, 9] . These channels appear to form transiently and be non-specific for the proteins that they allow through. Indeed, in vitro studies indicate Bax can release mega-dalton size dextrans from liposomes and www.cell-research.com | Cell Research James A Keeble and Andrew P Gilmore 977 npg mitochondrial outer membrane vesicles. Time-lapse imaging of MMP indicates that it is an extremely rapid event.
Within a single cell, all the mitochondria will release their cytochrome c or Smac/Diablo within minutes of initiation [10] [11] [12] . Caspase activation and cell death follow MMP immediately [13] . Once the cell has decided to die, it does not waste any time about doing it. In healthy cells, Bak is found integrated into the OMM [14] . In contrast, Bax is predominantly found in the cytosol and translocates to the OMM following an apoptotic signal [13, [15] [16] [17] [18] . Both proteins undergo a conformational change associated with MMP [12, [19] [20] [21] . The regulation of Bax is better understood than that of Bak. This is probably due to the fact that by being able to observe its translocation to mitochondria, Bax has proven more amenable to study. The current model of Bax activation is that a conformational change induces its oligomerisation and translocation to mitochondria, converting Bax into a membrane channel that facilitates MMP [3, 22] . Bax, a cytosolic monomer in healthy cells, has a cryptic N-terminal epitope that becomes exposed when it translocates to mitochondria and oligomerises into high molecular weight complexes [15, 16, 19, 23] . Bak has also been shown to oligomerise and undergo a conformational change, so the mechanisms for activation are most likely very similar for both proteins. The nature of the channel, and in particular the components that make it up, is still a matter of considerable debate, and is discussed in depth elsewhere [24, 25] .
Are Bax and Bak, and by implication Bok, activated in an all-or-nothing switch from inactive monomer to death inducing pore? Studies using essentially irreversible apoptotic stimuli (e.g. irradiation or staurosporine) have frequently implied this, a view that occasionally carries over into reviews and the general dogma [3] . However, it might not be expected that a cellular decision with such potentially drastic consequences if incorrect would be made in a single step. Indeed, evidence from several studies indicates Bax activation actually occurs in a series of discrete steps, , where it is eventually activated. Activation coincides with permeabilisation of the OMM and the release of apoptogenic factors into the cytosol, leading to caspase activation. Bax activity is regulated by anti-apoptotic Bcl-2 family members and members of the pro-apoptotic BH3-only subfamily. Upon receipt of death stimuli, the levels of active BH3-only proteins increase. BH3-only proteins act as the sentinels in apoptosis. They may directly activate Bax or sensitise cells to apoptosis by inhibiting the function of anti-apoptotic members such as Bcl-2.
Cell Research | www.cell-research.com Apoptosis commitment 978 npg some of which do not represent a point of commitment [12, 13] . A difference between anoikis (apoptosis induced by detachment from ECM) and other cell culture models of apoptosis is that synchronous removal of a survival signal can be combined with subsequent reapplication of that signal prior to a cell committing to die [26] . Removal of cells from ECM results in loss of adhesion signalling via kinases such as focal adhesion kinase (FAK) within a few minutes (about which more will be explained below). Reattachment to ECM reactivates FAK within a similarly short time [27] . Following epithelial cell detachment from ECM, Bax translocates to the OMM within 15 min, and reattachment to ECM results in its redistribution back to the cytosol [28] . Maintaining the loss of adhesion to ECM for a prolonged period is required for MMP, and it is only this later event that is accompanied by exposure of the cryptic Bax N-terminal epitope [12, 13] . The details of this are published elsewhere, but the key point is that removal of survival signals may initially prime a cell for apoptosis, but subsequent signals are required for commitment to MMP. Other studies have also suggested that a "primed" apoptotic state exists in cancer cells [29] . Deciphering which signals regulate these distinct steps, potential cell death checkpoints, is important to understand how the process of apoptosis commitment occurs.
ECM and survival signals
Numerous signalling pathways have been described in the literature as the key to controlling Bax and Bak. However, viewed as a whole, the plethora of pathways, adaptor molecules and kinases does little to enlighten one regarding how the fundamental decision to exist or die is made. Perhaps by focusing on a subset of survival signals some clarity can be achieved.
Adhesion to the correct type of ECM is essential for the proliferation, differentiation and survival of most cells [30] . This ensures that cells only grow and differentiate within the correct context within a given tissue or organ. In the absence of the correct ECM, normal cells undergo an intrinsic programme of apoptosis termed anoikis (Greek for "homelessness") [31] . Anoikis is sometimes mentioned in the apoptosis literature as if it is a specific apoptotic signal [4] . However, the reality is somewhat different [26, 32] . Depending on the cell type, numerous signalling pathways can be activated by ECM adhesion, most of which are also implicated in other survival pathways.
The regulation of apoptosis by ECM was first described in two seminal papers from the groups of Steve Frisch and Martin Schwartz [33, 34] . These studies identified that ECM-dependent survival was mediated by integrins, a family of heterodimeric, transmembrane ECM receptors.
Humans have at least 24 different integrins, which arise through distinct dimeric combinations of the 18 α and 8 β subunits identified to date [35] . Each integrin heterodimer can recognise several ECM proteins. Conversely, individual ECM molecules can bind to several different integrins. A cell's specificity for a particular ECM is, in part, dictated by the integrin heterodimers expressed on its surface. For example, mammary epithelial cells (MEC) adhere to the ECM molecule laminin, which is a major component of the basement membrane (BM) underlying the epithelial cell layer. MEC require adhesion to laminin via the α 6 β 1 integrin to suppress apoptosis [36, 37] . In contrast, the stroma beneath the BM is composed primarily of collagen, which is unable to suppress MEC anoikis. This positional constraint can be overcome in metastatic cancer through the upregulation of integrins that support cell survival in environments that would be hostile to non-transformed cells. For example, invasive melanoma cells acquire α v β 3 integrin expression, allowing them to survive within the dermal collagen [38, 39] .
Integrins have a dynamic intracellular signalling role and when ligated to the correct ECM activate numerous signalling pathways. Integrins cluster in the plane of the membrane at the sites of cell-ECM contact into large cytoskeletal assemblies termed focal adhesions [40] . Integrins are devoid of enzymatic activity and rely on recruiting signalling proteins through the use of adaptor molecules. Thus, clustering into focal adhesions results in the recruitment of adaptor proteins and signalling enzymes to the intracellular domain of integrins. Two prominent signalling enzymes specific for integrin-dependent signalling are FAK [41] and integrin-linked kinase (ILK) [42] .
FAK is a non-receptor tyrosine kinase that has been shown in several studies to play a pivotal role in cell survival. Constitutively active FAK can suppress anoikis in detached cells [31] . Conversely, apoptosis can be induced in adherent cells by expression of a dominant-negative FAK or by microinjection of anti-FAK antibodies [28, 43, 44] . Upon ligation with the correct ECM, integrins recruit FAK which autophosphorylates on tyrosine 397 [41] . This event activates FAK and results in the recruitment of various other kinases and adaptor proteins to the signalling complex, a process not dissimilar from growth factor receptor activation. Indeed, although FAK itself is specific to integrin signalling, the pathways activated downstream are distinctly familiar from growth factor signalling, including Src family kinases, PI3K, Akt, MAPKinases and GTPases (Figure 2A signal via a number of known survival pathways. One study using MDCK cells identified that the loss of FAK signalling resulted in the activation of JNK, which was required for anoikis [45] . However, a different study indicated that PI3-kinase activation in adherent cells was required to suppress apoptosis, and that JNK did not play a role [46, 47] . Conversely, in adherent fibroblasts FAK has been shown to signal via JNK to keep cells alive by suppressing p53, whereas there was no role of FAK-dependent activation of PI3-kinase [44, 48] .
Although most integrins can recruit and activate FAK, it is not the only mechanism by which they can initiate signalling. ILK has been implicated in integrin-mediated survival, and is linked to Akt signalling [49] . ILK can enhance phosphorylation of Akt on threonine 308, which, in combination with serine 473 phosphorylation, is essential for Akt activity. Overexpression of ILK can increase Akt activity and suppress anoikis in some cells. Further variations in integrin signalling are seen with α V integrins ( Figure  2B ) [50] . They utilise a distinct signalling pathway independent of FAK and ILK, which involves the recruitment of the Src family kinases Yes and Fyn via an interaction with caveolin-1 [51] . Once recruited to integrins, Yes and Fyn can activate the Ras-ERK signalling pathway through interactions with Shc, Grb-2 and Sos.
Clearly, how an integrin signals to keep a cell alive very much depends on cell type and the ECM context, factors that can be greatly altered during processes such as cell transformation. How, then is all this translated into mitochondrial events?
BH3-only proteins -linking survival signals to mitochondria
The BH3-only subfamily of the Bcl-2 family provides the link between survival signals and Bax and Bak [4] . BH3-only proteins comprise the most diverse group of the Bcl-2 family, and by themselves are unable to induce MMP. Instead, they regulate the activities of the both the pro-and anti-apoptotic multidomain family members. Consequently, BH3-only proteins are unable to induce MMP in cells lacking Bax and Bak [6] . Furthermore, whereas Bax and Bak are activated by most apoptotic signals, BH3-only proteins each appear to respond to a restricted set of stimuli. For example, growth factor signalling regulates Bim [52, 53] and Bad [54] [55] [56] , whereas Puma [57, 58] and Noxa [59, 60] are transcriptionally upregulated by p53. The response of different BH3-proteins to distinct apoptotic stimuli suggests that a specific insult will result in the activation of a subset of BH3-proteins. Consequently, BH3-only proteins are thought to act as sentinels, monitoring cellular well being and regulating the activation of Bax and Bak.
Several BH3-only proteins have been proposed to be the key initiators of anoikis. Bim [61, 62] , Bad [63] , Bmf [64, 65] and Bid [66] have all been directly implicated. Furthermore, all have been shown to regulate anoikis in MEC. Bim can regulate anoikis in vitro and in vivo in MEC [61, 62] . In the mammary gland, MEC form three-dimensional secretory acini required for milk production during lactation. The hollow lumen of these structures is in part formed when the cells in the centre of the developing acini lose contact with the surrounding ECM and die through anoikis. Correct formation of the lumen is disrupted in both Bim -/-mice, and in an MCF10A cell culture model in which Bim has been knocked down with siRNA. In these models, Bim is regulated at the transcriptional level downstream of epidermal growth factor (EGF) signalling. Inhibiting integrin/ECM adhesion leads to loss of cell surface EGF receptor, and subsequent increase in Bim expression. Similarly, siRNA knockdown of Bmf also reduced MCF10A sensitivity to anoikis [65] . In another study, knockdown of Bid in a murine MEC line inhibited anoikis, and Bid was shown to be regulated post-translationally by ECM adhesion [66] . Confusingly, knockdown of Bid did not affect the human MCF10A model, and knockdown of Bim did not affect the murine cell model. Again, cell type and context can alter the apparent mechanism by which a superficially similar signal is translated into an apoptotic response. A further study indicated that primary MEC isolated from Bad -/-mice were now able to survive on collagen, an ECM that normally does not provide a survival signal to these cells [67] . It would appear, therefore, that one could manipulate almost any BH3-only protein and inhibit MEC anoikis in the correct circumstances.
An emerging model of Bcl-2 protein function may explain this [68] . The anti-apoptotic members of the Bcl-2 family may function by binding and sequestering activated BH3-only proteins [69] . If the anti-apoptotic proteins are inhibited, then the BH3-protein can activate Bax and MMP. Different BH3-only proteins may preferentially regulate distinct multi-domain Bcl-2 family members [70, 71] . Different BH3-only proteins may either activate Bax and Bak or inactivate anti-apoptotic proteins like Bcl-X L and Mcl-1. Thus, Bid and Bim can function as "activators", being able to directly "turn on" Bax and Bak, whereas others such as Bad, Bmf and Noxa act as "sensitisers" ( Figure  3 ). The result of turning on a "sensitiser" BH3-protein is to remove the inhibitory effect of pro-survival Bcl-2 proteins, allowing the "activators" Bid and Bim to turn on Bax. Furthermore, the senstisers can have distinct affinities for the different anti-apoptotic proteins [29] . Bad can inhibit Bcl-2, Bcl-X L and Bcl-w, but cannot inhibit Mcl-1. In contrast, Noxa antagonises Mcl-1 but has no effect on Bcl-2, Bcl-X L or Bcl-w. Other BH3-only proteins show npg overlapping patterns of activity. It becomes apparent that signalling inputs that alter "senistiser" BH3-only proteins will adjust the threshold for the decision to undergo MMP if the "activators" themselves get switched on.
If this model is correct, it might explain the numerous conflicting studies of anoikis in epithelial cells. Bad-deficient MEC did not die following attachment to collagen as the threshold for apoptosis had been significantly raised. Changes in Bad phosphorylation in response to growth factors have been demonstrated to alter the threshold for other apoptotic signals to induce cell death [56] . Knockdown of Bmf, similarly, resulted in MCF10A cells becoming resistant to anoikis. Thus, even though loss of adhesion signals may lead to activation of Bim or Bid, the reduction in "sensitiser" BH3-proteins allows anti-apoptotic Bcl-2 proteins to inhibit their function and the cell does not progress to MMP. Experimental alterations in the BH3-protein milieu could therefore alter the perception of the apoptotic pathway involved in anoikis.
The BH3-protein-dependent threshold for anoikis could be affected by many signals independent of adhesion (growth factors, oncogene activation, DNA damage). Bim has been shown to be upregulated in MCF10A cells via downregulation of EGF receptor signalling [61] . EGF receptor family members, such as Erb2, are frequently overexpressed in breast cancer, and thus may affect the ability of invasive cancer cells to evade anoikis [72] . Upregulation of another tyrosine kinase receptor, TrkB (a neurotrophic growth factor receptor that is not activated by cell adhesion), has been shown to produce anoikis resistance in a non-malignant rat intestinal epithelial cell line that was otherwise extremely sensitive to loss of adhesion [73] . These cells were then able to form multiple metastases following intravenous injection into nude mice. Yet another example is Notch signalling, which is also upregulated in many primary breast tumours [74] . Constitutive Notch activation resulted in MCF10A cells becoming resistant to DNA-damaging agents, growth factor inhibition and 
Apoptosis commitment -is it all about Bcl-2 family members?
The current favoured model for apoptosis initiation suggests that the decision making of cell death is undertaken by interactions between Bcl-2 family members. BH3-only proteins can bind and activate Bax and Bak or inactivate their anti-apoptotic relatives. Actually, a number of unanswered questions remain, and suggest that interactions with other mitochondrial proteins may be just as important for regulating Bcl-2 family function. For example, Ku70 interacts with the N-terminus of Bax, and appears to prevent its translocation to mitochondria [75] . Cytosolic p53 has also been shown to be able to activate Bax [76] .
Bax forms complexes on mitochondria during apoptosis [13, 23] . Possible Bax binding partners on the OMM include components of the permeability transition pore such as the voltage-dependent anion channel (VDAC) [1, 77] . Although some studies have indicated that Bax might regulate the activity of VDAC, conversely VDAC may control Bax activation. Indeed, Bak on the OMM has been shown to bind VDAC2, an interaction proposed to keep Bak inactive in healthy cells [78] . Bid can displace Bak from VDAC2 and lead to its activation. Although it is not yet known whether interactions with mitochondrial proteins keep Bax inactive, a number of anti-apoptotic viral proteins do. M11L and vMIA bind Bax on mitochondria, preventing Bax N-terminal epitope exposure and cytochrome c release [79] [80] [81] .
Interactions with mitochondrial components may be required to initially target Bcl-2 family members to the OMM, bringing them near to other family members so that they can interact. Activated Bid has been shown to interact with the OMM protein MTCH2, an interaction proposed to be required for Bid to target to mitochondria [82, 83] . Interactions with mitochondrial lipids may also have a role in targeting Bid [84] . Interestingly, the region of Bid that can localise to the OMM is independent of the BH3-domain that can interact with the other Bcl-2 family members [66] . Bad has well-characterised interactions with OMM proteins, such as glucokinase [85] . At present, little is known about how such interactions with OMM components may be regulated, or in the case of most Bcl-2 family members, what those interacting partners are. However, some other cell signalling pathways provide an interesting comparison. Not that many years ago, MAPK signalling was understood as a linear cascade of MAPkinases, MAPkinase kinases and MAPkinase kinase kinases. It is now becoming increasingly clear that MAPKs are regulated through interactions with adaptor and scaffold proteins that restrict the signalling components to specific subcellular compartments [86] . Kinase suppressor of Ras is an excellent example, and is required to bring Ras, MEK and ERK together at the plasma membrane. Bad is regulated by phosphorylation, and one of the kinases (PKA) is specifically recruited to the OMM in a scaffold complex with mitochondrial proteins [87] , suggesting that a similar model for Bcl-2 family regulation may exist. At present some major strides in understanding apoptosis are focused on the interactions between the multi-domain Bcl-2 family members and the "activator" and "suppressor" BH3-proteins. However, we should not be surprised if this represents only a part of the complexities of apoptosis commitment, and other equally important levels of regulation are found. Importantly, it is insights into these complexities that are starting to shed light on how we may therapeutically manipulate apoptosis in diseases where its regulation has gone awry.
